valence band maximum (VBM) energy. Therefore, a composite semiconductor electrode composed of a semiconductor heterojunction has been proposed to compensate these shortcomings. In these cases, the photoanode is composed of a small band gap semiconductor that is protected by a stable semiconductor. [12] [13] [14] Semiconductor heterojunctions can absorb different region of the solar spectrum. [15] [16] [17] [18] The advantage of composite structures is that each semiconductor need to satisfy one energetic requirement: matching the conduction band minimum (CBM) or VBM with either the H 2 reduction or O 2 oxidation potential.
Single semiconductor materials typically can not satisfy the requirements of suitable bandgap energies for efficient solar absorption and meantime with band-edges aligned with both the H 2 and O 2 redox potential of water. 3, 19 Here, we prepared TiO 2 coated Si nanowire arrays and studied their photooxidative properties. We observed that Si/TiO 2 core/shell nanowire arrays showed higher photocurrent than the planar Si/TiO 2 . A semiconductor heterojunction of n-Si/n-TiO 2 or p-Si/n-TiO 2 has different band bending properties near the junction. 12, 20 The n/n heterojunction has a potential energy barrier between the two semiconductor regions that reflects minority holes in the TiO 2 similar to the back surface field in solar cell. 21 Using photocurrent and open circuit voltage measurements, we show that the n/n heterojunction is more promising for photoelectrochemical (PEC) cell application.
Highly oriented Si nanowire arrays on the silicon wafers were synthesized by an aqueous electroless etching method. 22 These Si nanowire arrays significantly suppress reflection which has the potential to provide a higher efficiency of PEC cell. We prepared n-type and p-type Si electroless etched nanowire (EENW) arrays from n-Si(100) (P doped, 0.6~0. TiO 2 was grown both on the Si EENW arrays and the planar Si wafer by a home-built atomic layer deposition (ALD) system with TiCl 4 (99.990%, Alfa) and pure water as the precursors. Si samples were cleaned with a buffered HF solution to remove the native oxide layer right before loading into the ALD vacuum chamber. The ALD system deposits polycrystalline anatase TiO 2 layer with an average growth rate of 1.2 Å per cycle on the planar Si wafer and 0.7 Å per cycle on our Si EENW arrays at 300 °C.
On the Si EENW array, diffusion of the gas precursors is reduced due to the high density of the nanowire arrays, which leads to slower growth rate than the planar substrate. Care was taken to ensure that the TiO 2 thickness on the EENW arrays and planar substrates were equivalent.
Typical cross sectional scanning electron microscope (SEM) and the transmission electron Research Instrumentations, AFREF1) as a reference electrode. All three electrodes are in a glass cell which has a 1 inch quartz window, and Ar gas was bubbled through to remove the dissolved oxygen during the measurement. The current versus potential measurements were carried out at a 10 mV/s sweep rate. A constant light intensity of 100mW/cm 2 from a 450 W Xe lamp (Oriel, 6266) illuminated our samples, and a liquid filter (Oriel, 6123NS) was used to avoid solution heating by infrared light. Figure 3a shows the photocurrent versus bias potential characteristics for Si/TiO 2 composite photoanodes. Under illumination, oxidation of water takes place on the photoanode.
The photocurrent versus bias potential curves have three regions: low photocurrent density region at negative bias potential (region I), plateau of the photocurrent density at more positive bias potential (region III), and increasing photocurrent density region (region II) between regions I and III. No photocurrent passes through the semiconductor and electrolyte interface when the negative bias voltage is close to the flat band potential because any created excess holes and electrons are recombined before holes transfer into the electrolyte (region I). 27 The photocurrent plateau appears as the bias potential sweeps to more positive direction (region III), where the photocurrent is limited by the number of the holes excited by illumination.
Our planar Si/TiO 2 samples show comparable photocurrent density to those reported in the literature. Figure 3a also shows that n-Si/n-TiO 2 composites have 20~25 % higher photocurrent density and more negative onset potential than those of p-Si/n-TiO 2 for both nanowire and planar structures. Higher photocurrent is expected for the n/n junction since band bending at the junction helps charge separation.
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The band bending of the semiconductors at the junctions were shown in Figure 3b In addition to this charge separation, the interface between the n-Si and n-TiO 2 reduces the loss of holes in the TiO 2 region which results in an increase of the photoanodic current. The potential barrier seen by the holes at the n-Si/n-TiO 2 junction reflects holes back into the TiO 2 layer (Figure 3b ). This is analogous to the back surface field of a solar cell which has shown larger photocurrent and larger output voltage by adding a heavily doped region adjacent to the contact. 31 To complete the circuit, the photogenerated electrons in the n-Si ( Si e − ) move to the counter electrode where the reduction reaction takes place. The photogenerated hole in n-Si ( Si h + ) moves toward the n-Si/n-TiO 2 junction and recombines with the 2 TiO e − . Therefore, n-Si/n-TiO 2 core/shell structure shows the largest increase in photocurrent since its band alignment at the junction helps reduce recombination under illumination. In the case of p-Si/n-TiO 2 junctions, the flow of electrons and holes at the junction of p-Si/n-TiO 2 is opposite to the desirable direction. Figure 3c shows that 2 
TiO h
+ can move either to the electrolyte or to the p-Si in p/n junction. The p-Si/n-TiO 2 junction, therefore, has smaller observed photo-anodic current density than n-Si/n-TiO 2 .
The larger photocurrent in the n-Si/n-TiO 2 leads to a larger negative onset potential. This is a result of the n/n junction's effective charge separation that leads to a larger short circuit current (J sc ). 31 Both nSi EENW/TiO 2 and p-Si EENW/TiO 2 have similar dark current values (5µA/cm 2 ). Also, higher V oc is expected for n-Si/n-TiO 2 since the F E and band energies of the n-Si and n-TiO 2 shift upward at open circuit under the illumination. The V oc of n-Si/n-TiO 2 photoanode is V oc = V oc (TiO 2 /electrolyte) + V oc (Si/TiO 2 ). 20 For the p-Si/n-TiO 2 , the band energies of the n-TiO 2 shift upward but the band energies of the p-Si shift downward. The photovoltage at the p-Si/n-TiO 2 junction is in the opposite direction to the photovoltage at the n-TiO 2 /electrolyte interface due to the downward band bending. The V oc of pSi/n-TiO 2 photoanode is V oc = V oc (TiO 2 /electrolyte) -V oc (Si/TiO 2 ).
We can take the advantage of the higher V oc of the n/n junction for the PEC cell. Enhanced J sc and V oc will provide a higher efficiency PEC cell. Also, for the solar water splitting, larger V oc provides high enough cathodic potential to reduce the water to hydrogen. It is important that the flat band potential of the semiconductor is lower than the hydrogen reduction potential. For example, Fe 2 O 3 (E g = 2.1 eV) and WO 3 (E g = 2.6 eV) have been studied due to higher stability and lower band gap than TiO 2 . However, both need an external bias voltage to complete the water splitting since their CBMs are lower than hydrogen reduction potential by 0.2 V and 0.1V. 6 Therefore, the n/n composites have the potential for the spontaneous photoelectrolysis of water..
Stability is another important requirement for the PEC cell. By coating the Si with TiO 2 , we can make the photoanode stable in the 1M KOH aqueous solution. The n and p type Si EENW/TiO 2 core/shell structures have shown constant photocurrent levels while testing for one hour (Supporting information Figure S1 ). In contrast, planar Si wafers and Si EENW arrays generate vigorous H 2 (g) bubbles in the KOH electrolyte and as a result they are etched. Figure 4 demonstrates the photocurrent density depending on the length of the n-Si EENW/TiO 2 arrays. We prepared 5 µm, 10µm, and 20µm long n-type Si EENW/TiO 2 arrays and planar n-Si/TiO 2 .
We observed that the longer Si EENW/TiO 2 arrays have higher photocurrent although the photocurrent density normalized by the length of the nanowires decrease as shown in Figure 4b . All of the three Si EENW/TiO 2 arrays had significantly lower reflectance than Si planar/TiO 2 sample (supporting information Figure S2 ). The Si EENW/TiO 2 sample can effectively trap the light by extending the path length due to multiple reflection in a high density array structures similar to textured surfaces. 32 When the wires are 5 ~ 20µm long, their reflectance values are nearly the same. All of the three different length Si EENW/TiO 2 arrays have about 1~2 % of reflectance in the UV region (200~350 nm), and about 5 % of reflectance in the visible region (450 ~900 nm). In addition to low reflectance, the high surface area of Si EENW is also expected to contribute the higher photocurrent since it increases the interface area with the electrolyte as well as the overall amount of TiO 2 . Lower reflectance and higher surface area of the Si EENW/TiO 2 contribute to higher absorption and higher photocurrent density than the planar samples.
In order to ascertain the contribution of the core Si, we measured the photocurrent and V oc of the Si/TiO 2 photoanodes under the visible light illumination. The light was passed through a 441.6 nm edge filter to cut off the UV region from the Xe lamp so that carriers are generated only in the Si. We observed that there was no photocurrent under the visible light for all Si/TiO 2 composites.
Photogenerated holes in Si cannot be transferred to the valence band of TiO 2 since there is a significant barrier at the junction (Figure 5c and d) . Instead, the photogenerated e -/h + pairs in the Si recombine so that there is no net charge flux. 19, 33 Therefore, photo-oxidation cannot take place at the TiO 2 surface unless carriers are photogenerated in the TiO 2 shell.
The V oc shifts under visible light illumination as shown in Figure 5a and b. For n-Si/n-TiO 2 , the photogenerated holes in the Si move toward the TiO 2 and recombine with electrons in TiO 2 due to an electric field in space charge region. The charge separation shifts the F E and the band energies of the nSi upward, so that the space charge region diminishes. When flat band is attained, there will be no more charge separation. Therefore, the V oc of the n-Si/n-TiO 2 photoanode becomes more negative (Figure 5a ).
For p-Si/n-TiO 2 , the band bending of the p-Si diminishes similar to n-Si/n-TiO 2 , but the reduced band bending shifts the band energies of p-Si downward which reduces the V oc under visible light (Figure 5b ). SYNOPSIS TOC (Word Style "SN_Synopsis_TOC").
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